Juvenile neuronal ceroid lipofuscinosis is a childhood-onset neurodegenerative disease with prominent symptoms comprising a pediatric dementia syndrome: intellectual decline, mood and behavioral impairments, and loss of adaptive skills. We review the history of neurobehavioral features in juvenile neuronal ceroid lipofuscinosis and the work of the University of Rochester Batten Center to characterize the extent and progression of neurobehavioral symptoms over the disease course, and discuss the relevance of neurobehavioral studies as an aid to understanding the clinical phenotype of juvenile Batten disease and potential targets for intervention.
Juvenile neuronal ceroid lipofuscinosis, also known as juvenile Batten disease, is an autosomal recessively inherited neurodegenerative disease of childhood onset. It is caused by mutations in the ceroid-lipofuscinosis-3 gene located on the short arm of chromosome 16 (locus p.12.1). Approximately 80% to 85% of affected individuals are homozygous for a 1.02-kb deletion; most of the remaining children are heterozygous for this common deletion and another mutation. 1 A comprehensive catalog of known disease-causing mutations for juvenile neuronal ceroid lipofuscinosis and the other neuronal ceroid lipofuscinoses is maintained at the NCL Mutation and Patient Database, http:// www.ucl.ac.uk/ncl/mutation.shtml. Juvenile neuronal ceroid lipofuscinosis is also a rare disease, with a worldwide incidence estimated to range from 0.2 to 7.0 per 100 000 births worldwide. 2 Clinically, onset of juvenile neuronal ceroid lipofuscinosis occurs at approximately 5 to 6 years of age. On average, disease is evident in males a year earlier than in females. 3 Although the temporal sequence of symptom onset varies, the most common symptom families recognize early on is vision loss, rapidly progressing to blindness within about 1 year, in both males and females. Symptom progression continues with loss of motor skills, loss of speech, a dementia syndrome comprising loss of cognition and adaptive skills, and emergence of behavioral and mood problems. Seizures are known to occur in juvenile neuronal ceroid lipofuscinosis but may not develop until several years after disease onset, and are less prominent than in the infantile and late-infantile forms of Batten disease, where they are likely to occur early in the disease course, and be frequent, severe, and difficult to control. The juvenile neuronal ceroid lipofuscinosis disease course unfolds slowly, with an average survival of 15 years from symptom onset to the end of life. 3 There are unfortunately no established treatments that can stop, reverse, or prevent disease.
Neurobehavioral Studies of Juvenile Neuronal Ceroid Lipofuscinosis History and Early Research Foundation
The first account of what would ultimately become known as the eponymous Batten disease was published in 1826 by physician Otto Christian Stengel (1795-1890). He described 4 siblings living in the copper mining town of Røros, Norway. 4 All 4 children developed normally at first, but each experienced vision loss beginning at about 6 years of age. In conjunction with physical changes, including difficulty eating and weight loss, behavioral alterations were noted. Of the eldest child, a boy, Stengel wrote, ''his intellectual abilities slowed down, he became indifferent to things which had previously interested him.'' 4 Behavioral symptoms also developed; at 15 years of age, the child ''became more restless . . . his behavior was like someone suffering from mania.'' 4 Mild seizures were noted from about ages 9 to 15 years, but did not worsen until the later teen years. The 3 younger siblings each developed the same pattern of symptoms along a similar time course. In 1902, British ophthalmologist Frederick Batten presented 2 other cases, also siblings, with similar clinical features. The younger of 2 girls, at about age 6 years, ''became spiteful at school, had attacks of violent temper . . . her sight was failing, and 'she looked out of the corners of her eyes to see an object' . . . the plantar reflex tended to give an extensor report.'' 5 The older sister, by age 10, had also experienced vision loss and seizures, and was living in an asylum because her ''mental condition . . . deteriorated.'' 5 Though much of Batten's report focused on the ophthalmologic findings, this brief description of 2 children, like Stengel's, captured all core features of the disease: deteriorating vision with initial central field loss, motor impairments, and the prominent neurobehavioral symptoms of the disease-cognitive decline and behavioral and mood disturbances.
Formal characterization of neurobehavioral features of juvenile neuronal ceroid lipofuscinosis was first conducted more than 150 years after Stengel's first report, and was predominantly based on patient groups in Finland. These studies provided further details of associated behavioral and mood impairments, including anxious and depressed mood, aggressive behavior, and hallucinations. [6] [7] [8] [9] In a survey of 42 affected children, Santavuori and coauthors 9 found high rates of physical restlessness (35%), aggression (40%), fears (45%), and sleep problems (30%). Ten percent of the sample also experienced psychotic symptoms (hallucinations and/or delusions), depression, and irritable mood. Bäckman and colleagues 6 provided an extensive and standardized assessment of mood and behavior, using well-validated, norm-referenced parent and teacher ratings of child behavior. Cognitive decline was first quantitatively described in several case reports published in the 1990s; each presented intelligence test scores for children with clinical juvenile neuronal ceroid lipofuscinosis, including in some cases, repeat assessment that provided information on change in cognition over time. 8, 10, 11 Figure 1 summarizes data available for the 8 cases, described in these 3 papers, who underwent repeat intellectual assessment. The longest follow-up period was approximately 7 years. Several challenges exist in interpreting these data, including the variable follow-up periods, differences in measures used that can limit direct comparability between assessments and among patients, and the use of retrospective data culled from clinical files, rather than prospectively obtained in uniform fashion. Nonetheless, even with this small group of cases, aggregated across 3 studies, 2 themes are evident: first, cognition declines over time, and second, the rate of decline appears variable. A subsequent study, also from Finland, reported prospective data on 12 children who completed intelligence testing at the time of diagnosis, and then were subsequently reevaluated annually for up to 5 years 12 ; this investigation confirmed the inexorable decline in cognitive abilities over time, but as well, illustrated the variable progression among the children.
Neurobehavioral Studies in Juvenile Neuronal Ceroid Lipofuscinosis-University of Rochester Batten Center Background and Methods
Since 2002, the University of Rochester Batten Center has evaluated neurobehavioral features of juvenile neuronal ceroid lipofuscinosis using several items from the Unified Batten Disease Rating Scale in which the examiner (a neurologist) provides global clinical ratings (Clinical Global Impression scores) of the child's current cognitive, behavioral, and mood state. 13, 14 Independent assessment of neurobehavioral features was added in 2003. Table 1 lists the current neurobehavioral battery, which includes a direct, multidomain neuropsychological evaluation and parent-based ratings of mood, behavior, adaptive function, and quality of life. Table 1 also provides a description of any testing modifications, and the rationale for doing so. Many children are enrolled in, and participate in, the neurobehavioral study during the annual family support meetings of the Batten Disease Support and Research Association and/or at clinical research visits to the University of Rochester Batten Center. Neurobehavioral assessments are completed as part of the UBDRS Natural History study and also as a stand-alone protocol for children who are only followed remotely (eg, have not been seen in person for Unified Batten Disease Rating Scale exams). Children complete neuropsychological testing annually whenever possible. In addition, parent-based ratings are completed biannually.
To date, 87 affected children and young adults have participated in neurobehavioral studies with us (47 males, 40 females). Thirteen children are unfortunately now deceased. Of the remaining, the average current age is 17.4 years (range, 7.5-28.2 years; standard deviation, 4.6 years). Not every child participates in all study activities each year, and the eldest children in the sample are typically unable to participate in direct neuropsychological evaluation. Therefore, the average age for participating children is provided, with results of respective analyses for any new results presented below. Most participants in the neurobehavioral studies have genetic confirmation of the juvenile neuronal ceroid lipofuscinosis diagnosis (homozygous for the common deletion, n ¼ 49; compound heterozygous, n ¼ 25; homozygous for a novel mutation, n ¼ 1). Genotype is confirmed via review of patients' clinical records or through our lab. 25 Participants without genetic confirmation meet the clinical definition for juvenile neuronal ceroid lipofuscinosis. 26 All research activities have been conducted under study protocols approved by the University of Rochester Research Subjects Review Board, and all parents have completed an informed consent process and provided written permission for their child's participation in the study. Any new data presented herein were analyzed using Statistica (Version 10) by StatSoft (Tulsa, OK). 27 
Results

Behavioral Symptoms
Our initial studies [28] [29] [30] confirmed high rates of behavioral problems in children with juvenile neuronal ceroid lipofuscinosis. These symptoms, along with cognitive impairments, appear to precede onset of motor impairment 3 and do not appear to be influenced by genotype. 31 Bäckman and colleagues 6 reported sex differences in behavioral symptoms among a Finnish cohort of children with juvenile neuronal ceroid lipofuscinosis: females exhibited greater anxiety (per parent report) and greater social difficulties (per teacher report) in comparison with males, although these findings were not replicated in our North American sample. 30 We also have hypothesized that behavioral and mood symptoms would follow an inverse U-shaped function in which problems initially worsen as disease advances, before dropping off in the later stages of the illness, as motor impairment limits the behavioral repertoire. 
Cognitive Symptoms
A total of 152 neuropsychological evaluations of 70 children have been conducted since 2003, either through our specific neurobehavioral study protocol or as an add-on to the Unified Batten Disease Rating Scale natural history study ( Table 2 ). The cognitive test battery incorporates an estimation of global verbal intellectual ability, and tests of new learning and memory, language fluency, and attention and working memory. Verbal Intellectual Ability a. First 4, picture-naming items are not presented, to accommodate vision loss in JNCL. Credit for these items only given if study subject earns full credit for first 2 verbal items; otherwise the total score for the test treats the first 4 items as ''failed.'' b. Study subject is asked to recite full alphabet to evaluate retention of a well-routinized skill whose attainment likely precedes symptom onset. It is scored separately from Vocabulary raw score as ''pass/fail.'' 2. WISC-IV Digit Span* Auditory attention, working memory Verbal cues provided to visually impaired child, before each item is presented: ''Here comes the next one'' 3. WISC-IV 17 Verbal fluency Two tasks combined-phonemic (F-A-S) and semantic (animals; food) to extend ''floor'' of task, as phonemic items are failed earlier. B. Parent-proxy ratings of child function 1. PedsQL 18 Child Health-related Quality of Life No modifications 2. Family Impact Module 19 Ratings of self (parental) HRQL and family QL No modifications 3. Child Behavior Checklist 20 Omnibus assessment of child behavior and mood No modifications 4. Scales of Independent Behavior-Revised 21 Child adaptive function level None, but use of SIB-R Short form for Visually Impaired, to reduce burden for completion Table 1 , several age-appropriate tasks used in the early years of our project 32 were piloted with older participants (!17 years old) but were not retained because they were too difficult for young adults with juvenile neuronal ceroid lipofuscinosis to complete. Neuropsychological function in all areas evaluated is significantly lower than expected in comparison with same-age peers. Scaled scores are shown here. In healthy children, these scores will remain stable (mean, 10; standard deviation, 3) as they are benchmarked against age-based expected performance. In juvenile neuronal ceroid lipofuscinosis, however, scaled scores tend to drop off with increasing age, reflecting a failure to keep pace with expected development. The Vocabulary subtest from the Wechsler Intelligence Scale for Children, Fourth Edition, 15 illustrates this pattern of cognitive decline (Figure 3 ). Fiftyseven children (26 females, 31 males; mean age, 13.5 years; standard deviation, 4.0 years; range, 5.7 to 20.9 years) have completed the Wechsler Vocabulary task at least once. Taking the most recent evaluation for each child, it is possible to see sharp declines in Wechsler Vocabulary as a function of chronological age.
As shown in
Psychosocial Impacts in Juvenile Neuronal Ceroid Lipofuscinosis
One set of studies has reported that parents of juvenile neuronal ceroid lipofuscinosis-affected children experienced higher levels of depression in comparison with parents of children with chronic but non-life-limiting illnesses, 33, 34 but also that higher levels of ''optimism'' were associated with lower levels of family conflict, anxiety, and depression. We hypothesized that neurobehavioral symptoms in affected individuals would be negatively associated with the well-being of parents and the family as a whole. The Pediatric Quality of Life Family Impact Module is a healthrelated quality of life assessment to evaluate parent-and family-level quality of life in relation to child health. 18, 19 The Pediatric Quality of Life Family Impact Module Total Score collectively describes both parental ratings of parents' own healthrelated quality of life and family-wide well-being, in relation to a child's recent (past month) health state: ''as a result of your child's health, how much of a problem have you had with . . . '' 19 In an initial sample of 44 affected individuals (27 males, 17 females; mean age, 14.0 years; standard deviation, 5.16 years) we found a significant, moderate correlation between the Pediatric Quality of Life Family Impact Module Total Score and total number and severity of juvenile neuronal ceroid lipofuscinosis child behavioral problems (Pearson r ¼ -53, P <.001). 35 In a follow-up assessment with the most recent evaluation completed for all children who have participated (n ¼ 51 [26 males, 25 females], mean age ¼ 16.3 years, standard deviation ¼ 5.1 years, range ¼ 7.4-32.0 years), we also see that child behavior problems are significantly associated with parent self-ratings of reduced emotional, social, and cognitive well-being on the total Parent Health-related Quality of Life score of the Pediatric Quality of Life Family Impact Module (Table 3) . Interestingly, these relationships were present for child ''internalizing'' symptoms (ie, anxious, withdrawn, depressed mood, social problems) but not ''externalizing'' symptoms (aggression, noncompliance, and defiance).
The clinical course of juvenile neuronal ceroid lipofuscinosis involves progressive loss of independent adaptive skills such as mobility, feeding, and communication. 30 In association with decrements in adaptive skills, caregiver burden is presumed to increase, but this has not yet been empirically studied. A needs-assessment survey conducted in Great Britain to assess service gaps to children and families affected by juvenile neuronal ceroid lipofuscinosis identified various areas of caregiver need, including support for management of neurobehavioral problems, and respite care. 36 We have examined the relationship between adaptive function, using the Scales of Independent Behavior-Revised, 21 and family burden, using the Family Impact Module. 19 Twenty-five parents have completed assessment of child adaptive function and parent/family burden at the same time, providing concurrent information on child's adaptive function and parental and family well-being (17 males, 8 females; mean age, 16.3 years; standard deviation, 6.1 years; range, 16.3-7.4 years). Using the most recently completed assessment, there was not a significant relationship between adaptive function in an affected child and the total Pediatric Quality of Life Family Impact Module score, which summarizes both parental health-related quality of life and family function (Pearson r ¼ .15, P ¼ .47). However, Pediatric Quality of Life Family Impact Module-based parental rating of problems in ''family relationships'' (ie, conflicts, stress, or tension among family members, lack of communication, difficulty working together as a family to solve problems or make decisions) was moderately negatively associated with adaptive function, as assessed with the Scales of Independent Behavior-Revised (Pearson r ¼ -.48, P < .05).
Neurobehavioral and Other Natural History Data
The multidisciplinary nature of the University of Rochester Batten Center natural history studies of juvenile neuronal ceroid lipofuscinosis facilitates ''cross-talk'' among different sets of data gathered on the same cohort of affected individuals. A composite neuropsychological score based on all cognitive tests in the protocol provided external validation of the Unified Batten Disease Rating Scale Clinical Global Impression rating of cognition (1 ¼ no cognitive impairment; 5 ¼ severely impaired), in a relatively small sample of 18 affected children. 29 We have replicated this finding using the most recent concurrent evaluations for both neuropsychological assessment Number of participants   1  3 5  2  1 5  3  9  4  3  5  4  6  1  7  2  8  1 and a Unified Batten Disease Rating Scale exam in 59 children and young adults (31 males, 28 females; mean age ¼ 13.5 years, standard deviation ¼ 13.0 years, range ¼ 5.7-20.9 years). Higher scores on the Clinical Global Impression (ie, clinician rating of poor cognition) are associated with lower scores on a composite score created from the neuropsychological tests, also indicating poor cognition: Spearman r (57) ¼ À0.64, P < .0001. Table 4 shows the individual Spearman correlations between the Clinical Global Impression ratings and performance on each cognitive domain (by individual neuropsychological test); all are significant. Similarly, the Child Behavior Checklist, 20 a widely accepted measure of child behavior, has demonstrated external validity of the Unified Batten Disease Rating Scale clinician-based and Pediatric Quality of Life Family Impact Module ratings of mood and behavior. Parent ratings of Child Behavior Checklist Internalizing symptom clusters (anxious/depressed, and withdrawn/depressed mood) were significantly associated with clinician ratings of sad mood, apathy, and anxiety. Likewise, parent ratings of aggressive behavior correlated robustly with clinician ratings of aggression to self or others. 31 We have also used neurobehavioral data to evaluate the hypothesis that children who are heterozygous for the common deletion plus a novel mutation could experience an attenuated disease course. Linking the Child Behavior Checklist with genotyping results available through the Unified Batten Disease Rating Scale study, we did not see a significant difference in behavior problems by genotype group. 31
Number of assessments
Looking Forward-Challenges and Opportunities
Longitudinal neurobehavioral assessment of children with juvenile neuronal ceroid lipofuscinosis faces several challenges. First, well-established measures of cognition and behavior are ideally developed using representative samples of healthy, normally developing children. 37 This enables appropriate benchmarking of individual performance in relation to age-expected skills, but also can restrict the sensitivity of measures for evaluating children at the lowest levels of ability, as is the case for children in the later years of their disease course. In contrast, measures developed to assess children with static cognitive or developmental delay (eg, intellectual disability; autism spectrum disorders) can be appropriate for evaluating the significant limitations experienced by older children with juvenile Batten disease, but cannot provide adequate information about capability during the earliest stages of disease, when cognition and/or behavior can still be developmentally normal. Shapiro and Balthazor provide a roadmap for the evaluation of children with dementing conditions, including use of repeatable, reliable measures that ''are capable of measuring widely disparate abilities.'' 38 Second, the particular combination of symptoms in juvenile neuronal ceroid lipofuscinosis-dementia and loss of vision and speech intelligibility-also places limits on assessment. Many intelligence tests evaluate both verbal and visual reasoning skills, and even some ''verbal'' tasks such as picture naming require visual identification. In children with juvenile neuronal ceroid lipofuscinosis, vision loss excludes tests of nonverbal/visual reasoning, but loss of speech intelligibility eventually also limits the child's ability to provide verbal responses to language-based tasks. In addition, mood and behavioral impairments can limit compliance with the evaluation process. The wide geographic dispersal of individuals affected by this rare disease, and the eventual physical limitations of affected children, preclude consistent and in-person reevaluation at fixed intervals.
We have attempted to strike a balance among these challenges by using standardized, psychometrically sound measures, but with prespecified modifications that accommodate the unique phenotype and neurodegenerative course in juvenile Batten disease, and the evaluation of both age-adjusted scores and individual, unadjusted raw scores; declines over time in the latter signify a loss of previously attained skills. 38 The use of standard measures enables us to quantify the magnitude of impairment in relation to age-expected performance. Also, in order to include children who cannot be directly evaluated because of travel constraints, or who cannot directly provide information about themselves in later stages of disease, we have designed a protocol that relies heavily upon proxy report information (from parents), obtained via phone interview and mailed questionnaires. The use of remote, live video assessment (telemedicine) has already been validated for the Unified Batten Disease Rating Scale 39 and is currently being used to minimize travel burden for juvenile Batten disease families participating in a clinical trial. 40 Future studies could also address the utility of telemedicine approaches for the neurobehavioral assessment; this is an area of growing interest for evaluation of cognitively impaired populations where in-person evaluations can be difficult to complete. [41] [42] [43] [44] The past 2 decades of research on juvenile neuronal ceroid lipofuscinosis have shifted from the bench to bedside, including focus by a number of investigators on the neurobehavioral phenotype and natural history of the disease. Additionally, there has been growing interest in the exploration of potential therapeutic candidates for treatment or prevention of disease. An ongoing phase II clinical trial is evaluating the safety and tolerability of mycophenolate mofetil 40 (ClinicalTrials.gov Identifier: NCT01399047); the efficacy of this therapy is not yet known. While families wait for disease-modifying treatment, we must also consider interventions that could mitigate the everyday impact of dementia-related symptoms. Pharmacologic treatments have been evaluated; 14 Finnish children with juvenile Batten disease were placed on specific antidepressant or antipsychotic medications; approximately 70% were deemed to have a ''good or satisfactory'' response. 45 However, conclusions are limited in this study, which was not randomized-all children received medication-and clinical outcome was determined qualitatively by parents and treating clinicians in an unblinded fashion. 45 Behavioral interventions for juvenile neuronal ceroid lipofuscinosis dementia management have not yet been formally evaluated, but are considered effective and are recommended as a first-line approach for dementia management in older adults. 46 Our current understanding of the cognitive and behavioral features of juvenile neuronal ceroid lipofuscinosis can inform the development of tailored psychosocial interventions for pediatric dementia, and also can guide evaluation of response to pharmacologic symptom management. Declines in memory, attention, and general reasoning abilities can limit children's abilities to benefit from the typical corrective learning experiences inherent to many behavior management programs. 47 Also, although both internalizing and externalizing symptoms are clinically elevated in juvenile neuronal ceroid lipofuscinosis, only the former appear to be significantly related to parents' self-rated quality of life, suggesting a focus on this relationship for further study and potential intervention. Lastly, our understanding of the neurobehavioral natural history of juvenile Batten disease could be incorporated into the study of disease-modifying therapies, into determining eligibility, as part of safety assessments, as a marker of brain function, and/or into the evaluation of long-term treatment effects. 38, 48 Neurobehavioral symptoms have long been described as a prominent feature of juvenile Batten disease, and were recognized as having a negative impact even in Frederick Batten's early account of a young girl who was institutionalized because of intellectual decline, rather than physical symptoms of disease. From these earliest reports, characterization of the neurobehavioral features of juvenile neuronal ceroid lipofuscinosis has been relevant to our understanding of this disease, and will continue to be so.
